Pot experiments performed in the Institute of Plant Protection -National Research Institute were designed to determine the influence of the root systems of various spring cereal species sown in mixtures. The experiment used the Bryza variety of spring wheat, Antek variety of spring barley, and Cwał variety of oat, sown in two-species mixtures (8 + 8 plants per pot). In three of the six study objects, plastic sleeves were used at the time of sowing the seeds so as to separate the root systems of the cereal species under study. Cereals were harvested at full maturity. The height and number of stalks, the number of cereal spikes (panicles), dry root weight, dry stalk weight, the number of grains per spike (panicle), the 1,000-grain weight, and grain yield were established. The results have shown that the strongest competitor in the mixtures was barley. Barley also responded positively to the presence of both wheat and oat in the mixtures.
INTRODUCTION
A very high share of cereals in the crop structure has forced the search for ways to lessen the consequences of their excessive concentration in crop rotation. The solution to this problem may be the cultivation of cereals in mixtures. Biodiversity of mixed crops as a result of different morphological and physiological features, different soil, climate and cultivation requirements can greatly facilitate complementary use of habitat factors. Crop productivity can then be increased or at least yield stability can be improved. Knowledge of the biology of plants, their mutual tolerance in mixtures, and the response of mixture components to environmental factors is a prerequisite for choosing the species, the varieties, and their proportions in crop sowing and agricultural practice (Rudnicki 1994 ). The differences in the developmental speed of cereals in mixtures may lead to the domination of one of the species and subdomination of another (Listowski 1975; Rudnicki and Wasilewski 1993) . Plant species composition can affect the intensity of the interaction between the root systems of individual species. Competition between root systems may change the availability of nutrients, either as a result of their exhaustion, or through mechanisms that limit access to them (Schenk et al. 1999; Kroon et al. 2003) .
The study emphasizes the impact of root systems on biomass yield. The impact of root systems is said to be stronger compared to the competition of plants for light (Aerts et al. 1991) . Mahmoud and Grime (1976) argue that the early type of competition takes place even before the development of the assimilation apparatus of plants.
Plants can also compete for nutrients as a result of allelopathic interactions (Callaway 2002) . Cereals are the type of plants which contain numerous substances of an allelopathic nature. These substances can have an inhibitory or stimulatory effect on other neighbouring species (Barnes and Putnam 1986; Perez and Ormeno-Nunez 1991; Liu and Lovett 1993) . Allelopathic compounds can be found in various parts of a plant, including the roots (Kato-Noguchi et al. 1994; Ashrafi et al. 2007; Ashrafi et al. 2009; Yuyan et al. 2009) .
The aim of the study was to assess the competitive impact of the root systems of spring cereals, in mixed sowing.
The working hypothesis was that the root systems of cereal species interact, which in turn differentiates their morphological features and crop-yielding.
MATERIALS AND METHODS
In 2006, pot experiments were performed in five completely randomized replications, in a greenhouse at the Institute of Plant Protection -National Research Institute in Poznań, Poland. The study objects were the Bryza variety of wheat, the Antek variety of spring barley and the Cwał variety of oat, sown in mixtures (8 + 8 plants in a pot). All total, there were 6 objects with mixed sown seeds. In three of the objects, plastic sleeves (+S) were used during sowing. A quarter of a sleeve was filled with soil and 4 kernels of a given species, thereby separating the species. The objects of the experiment were the following: 1. wheat (W) + barley (B) (-S), 2. wheat + oat (O) (-S), 3. barley + oat (-S), 4. wheat + barley (+ S), 5. wheat + oat (+S), 6. barley + oat (+S).
The ground for sowing the cereal seeds was a mixture of peat soil with a pH of 5.5-6.5 and a salinity of 1-2 g NaCl/l and quartz sand having a grain size of 0.2-0.8 mm, in a 1:1 ratio. The kernels sprouted in Petri dishes were placed in the ground. In each pot there were 20 kernels. Each pot had a diameter of 22 cm, height of 18 cm and the capacity of 4 litres. After 7 days of emergence, the number of kernels was reduced to 16 per pot. Mineral fertilizer NPKMg (4-15-15-3) at a dose of 1.52 g per pot was applied before cereal emergence. Ammonium nitrate (34%) at a dose of 0.95 g per pot was applied after cereal emergence. During the experiment, optimal moisture conditions were maintained.
Plants were harvested at full grain maturity (BBCH 89). The following parameters were determined for each cereal: the height and number of stalks, the number of spikes (panicles), dry root weight, dry stalk weight, the number of grains per spike (panicle), the 1,000-grain weight, and grain yield.
The results were statistically analyzed for one-factorial experiments using the analysis of variance at the significance level α ≤ 0.05. The least significant difference was described using Tukey's test.
RESULTS AND DISCUSSION
The aim of the pot experiment was to evaluate the impact of root systems of specific cereal species grown in mixtures, as many authors (Mahmoud et al. 1976; Vandermeer 1989; Sobkowicz 2001; Sobkowicz 2003) argue that the competition of root systems for nutrients precedes the competition for light. The research by Sobkowicz (2001) shows that dominance of barley over oat was the highest if these species interacted using their root systems or that dominance was the result of the combined interaction of their root systems and aerial parts. Taylor (1978) , Michalski (1991) and Michalski and Idziak (1999) report that the phenomenon of competition between plants grown in mixtures, is manifested in the various characteristics of plants. The characteristics become modified due to morphological and developmental differences of individual species and other factors. Rudnicki and Wasilewski (1994) report that the 1,000-grain weight of wheat in mixtures with barley and oat was lower than the weight of wheat in pure sowing. In contrast, Cousens et al. (2003) found a significant reduction in the number of kernels per spike of wheat grown in a mixture with oats.
Barley reacted positively to being in close proximity to wheat and oat root systems. This close proximity of the roots had a positive influence on almost all parameters evaluated in the experiment, except for the number of barley grains per spike (Figs. 1-7) . The beneficial effects of the wheat and oat root systems on barley was confirmed in barley's grain yield. There was a significantly higher grain yield, compared to the study objects in which root systems of individual species were separated (Fig. 8) .
In laboratory tests, Ashrafi et al. (2007 and ) confirmed the inhibitory effect of aqueous extracts made from leaves, stems, flowers and roots of barley. In these experiments, extracts of various parts of barley plants resulted in the reduction of the germination, seedling length, and weight of Hordeum spontaneum and Agropyron repens. An allelopathic potential of barley extracts on the germination and seedling growth of wheat was observed by Ben-Hammoud et al. (2001) .
The dominance of barley grown in mixtures was also confirmed in the studies by Noworolnik (2007) and Sobkowicz (2003) . Michalski (1991) and Rudnicki and Wasilewski (1993) reported a similar number of barley tillers in the mixture and in pure stand.
An increase in the number of grains, of the barley grown in a mixture with oat compared with barley grown in pure stand was observed by Sobkowicz (2003) . Rudnicki and Wasilewski (1994) found an increase in the number of grains of the barley grown in a mixture with wheat compared with barley grown in pure stand. On the other hand, Wanic (1994) found no significant differences in the number of grains when comparing barley grown in pure stand and in a mixture with oat.
In the presence of wheat, oat was characterized by a significantly greater number of stalks, greater plant height, a larger number of heads, greater weight of roots and stalks, and greater grain weight (Figs. 1-4, 6, 7) . The presence of barley significantly affected the height of the oat plants, and increased root mass and the mass of stalks (Fig. 3, 4, 6 ). The root systems of both species sown with oat had a significant (stimulatory) effect. It was wheat, however, that turned out to be the more friendly species. In the presence of wheat, oat produced a significantly higher grain yield (Fig. 8) .
In their experiments on the occurrence of allelopathy in oat, Kato-Noguchi et al. (1994) showed a significant inhibitory effect of L-tryptophan found in root exudates, on the growth of roots and coleoptile of other plants, including the species Triticum aestivum. In the studies by Idziak et al. (2007) and Sobkowicz (2003) , oat grown in a mixture with barley, tillered better than in pure sowing. The growth of productive tillering of oat in mixtures with wheat compared to the mixture with barley were reported by Tobiasz-Salach et al. (2007) . Leszczyńska (1999) , Rudnicki and Wasilewski (1994) , Sobkowicz (2003) , Tobiasz-Salach (2007) , and Wanic (1994) found that oat produced a significantly greater number of grains in the panicle, in pure stands, than in mixtures with barley and wheat.
In her experiments, Wanic (1994) found no difference in the 1000-grain weight of barley and oat grown in pure and mixed sowing. In the studies conducted by Idziak et al. (2007) and Szumiło and Rachoń (2007) , the cultivation methods used, to get a 1,000-grain weight of barley and oat did not significantly change the barley and oat weight. Leszczyńska and Grabinski (2004) showed the inhibitory effect of barley and the stimulatory effect of oat on the roots of wheat. They also showed that wheat and barley had a negative effect on the kernels of oat. The same authors obtained different results with respect to barley, which in the presence of other cereal species responded with a reduction in root length. 
CONCLUSIONS
1. Spring wheat reacted negatively to the presence of root systems of both species sown in mixtures (barley and oat), but on the basis of the yields it can be concluded that wheat's stronger competitor was barley. 2. The presence of both wheat and oat in the mixture, positively influenced spring barley. In the presence of both wheat and oat, the spring barley yield significantly increased (compared to the study objects in which the root systems of individual cereal species were separated). 3. On the basis of specific morphological and yieldproducing characteristics, it can be stated that for oat, wheat was the more friendly mixture component. In the presence of wheat, oat showed a significant yield increase.
